Abstract --This paper outlines a methodology to measure the ability of a schizophrenic patient to saccade against a presented stimulus by tracking the patient's electrooculographic (EOG) activity. The overall goal is to investigate a deficit in this anti-saccade task as a cognitive endophenotype for schizophrenia. A portable system for performing this test and a novel biopotential amplifier are presented along with a signal processing method and analysis. Results based on control subjects indicate that a mean anti-saccade task performance of above 89% is achievable. A study on 5 schizophrenic patients indicates that anti-saccade task performance drops to a mean value of 45%. A study to be carried out by the Trinity College Neuropsychiatric Genetics Research Group is currently assessing up to 800 subjects including schizophrenics and their relatives. ______________________________________________________________________________________
INTRODUCTION
Many methods exist for measuring eye movement such as infrared oculography (IROG) using video processing and electro-oculography (EOG) based on electrical activity close to the eye. EOG provides a non-invasive and accurate method for measuring eye movement. Hochrein [3] reports using EOG to measure latencies in saccadic and anti-saccadic eye movement and reported that schizophrenic patients display disturbances in voluntary control of saccades. Ettinger employed IROG in assessing smooth pursuit and anti-saccade eye-movements [2] .
Human eye movement is characterised by two types of movement: saccadic and pursuit. A saccade is defined as an eye movement that rapidly fixes the gaze on a visual stimulus. An anti-saccade is where the patient's gaze must be redirected to the mirror image of a presented visual stimulus. A well-documented phenomenon in cognitive neuroscience is that patients with schizophrenia demonstrate difficulties on tasks requiring saccadic inhibition ( [1] , [2] , [3] ), despite normal refixation saccade performance [3] . The implication for the schizophrenic is that they have more difficulty than a non-sufferer in directing his/her gaze to the mirror image location of a visual cue, while they would have less difficulty with the simpler task of directing their gaze at the visual cue. Smooth pursuit eye movement (SPEM) and anti-saccade deficits have been reported as potential cognitive endophenotypes for schizophrenia [2] . Genetic links to schizophrenia in families are also being investigated using saccadic analysis [4] , [5] , [6] .
II. AIM
The specific aim of this project is, to provide a statistical measure of the performance of schizophrenic patients in saccading against a presented stimulus by correlating the patient's EOG activity to a sequence of presented stimuli. This process allows determination of the number of anti-saccade errors. An anti-saccade error is defined here as a momentary glance towards the visual cue. We also sought to develop an inexpensive portable EOG based antisaccade monitoring system for use in a wider study into a cognitive endophenotype for schizophrenia. The anti-saccade task used is modelled on the one reported by McDowell et al [1] .
III. METHOD
The EOG based anti-saccade assessment system consists of three parts. Presentation of a visual stimulus to the subject, acquisition of the subject's EOG and analysis of the EOG by correlating with the timing sequence of the stimulus cues. a) EOG Measurement. The Electro-oculogram (EOG) is generated by a dipole formed by the cornea and retina of the eye. Horizontal EOG (HEOG) is measured as a voltage by means of electrodes strategically placed as close as possible to the canthus of each eye [7] . Each electrode measures the horizontal EOG with respect to a reference electrode placed on the centre of the forehead. See Figure 1 for electrode placement. The electrodes employed in this study were Grass Ag/AgCl electrodes [8] . They are designed to be sensitive to biopotentials of low amplitudes and frequencies. The EOG has a frequency range between 0.1 and 38Hz however typically the EOG frequency content is below 20Hz [6] . An idealised EOG recording is shown in Figure 2 . Movement of the eye generates a DC shift in the EOG voltage. As a result cyclic left, centre eye movements would result in an approximate square wave voltage waveform. Figure 3 : Typical EOG. The sequence of movements here is one where the subject follows a visual target as it moves from the left, to the centre and to the right of the screen. The timing sequence followed is shown at the bottom.
b) EOG Acquisition Circuitry
A critical issue in accurately acquiring, amplifying and recording the EOG is overcoming a substantial DC offset generated by the potential difference between the reference electrode and each of the active electrodes. This DC potential is due to the skin impedances and can be highly variable, due to skin temperature, skin moisture, the humidity of the air, time of day, etc. Amplification factors of 100 are typical with any factor greater causing the amplifier to 'saturate' by the much larger DC offset. A novel method was developed for automatically eliminating the DC offset in the EOG signal. This circuit allows amplification factors in the order of 1000. The analogue circuit has four distinct stages, initial amplification, and a highpass filter, further amplification followed by a low pass filtering stage. The first amplification stage consists of an instrumentation amplifier [9] , in differential mode connected directly to the active electrodes on both left and right channels and the reference electrode. A small gain is applied at this stage, yet sufficient to increase the signal amplitude to allow the succeeding filtering operation. To remove the DC component but preserve the AC signal, a first order lowpass filter with a 1s time constant was used. The filtered signal is subtracted from the amplified signal. This modified signal is then amplified again by a much larger gain stage, again employing instrumentation amplifiers. The final stage of the analogue circuit is a second order Butterworth lowpass filter with a cut-off frequency of 38Hz. This filter is designed to reduce power line noise contamination, minimise out of band noise and unwanted EMG and EEG interference. Two visual stimulus sequences are required for the test, a calibration sequence and the antisaccade task sequence itself. Each sequence can be controlled from the custom developed interface software. The calibration sequence is 40 seconds in duration, while the anti-saccade task is of approximately 260s duration. Since there is substantial amplitude variation of recorded EOG between individuals, the calibration sequence is necessary to provide a template pattern of an individuals EOG, thus enabling subsequent processing of the antisaccade data. During the calibration sequence a white visual target alternates between 16º left and 16º right, allowing fixation at a central yellow reference target between saccades to the peripheral cues. The subject is required to fixate in each position for a period of two seconds. Figure 6 shows the stimulus screen during the calibration. The anti-saccade task consists of a blue target appearing randomly at a visual angle of ±16º in the subject's horizontal field of view. Presentation of the blue target occurs after a randomized delay interval of between two and three seconds. The subject must then perform an anti-saccade to the mirror image of the presented stimulus. After 1s a yellow target is presented at the mirror image location to reinforce correct performance. The target remains illuminated for 500ms. The data is analysed and interpreted to assess the subject's ability to perform the test. The stimulus software produces two analogue timing signals. For the calibration sequence the two signals are identical and correspond to the position of the visual target at any instant during the test. For the anti-saccade task the timing signals are different, the first identifies which cue is displayed at a given instant and the duration of the random delay. The second indicates whether the blue stimulus has been presented to the left or to the right of the reference point. Figure 7 shows the timing signal for the calibration sequence. 
d) Data acquisition
The amplified and filtered EOG signals are sampled at 256 samples per second using a 12-bit analogue to digital converter. The biggest problem encountered during the analogue signal acquisition was power line noise (or 50Hz interference). The main source of this is the fact that the subject's head behaves as an antenna allowing a capacitance to be set up between overhead fluorescent lighting and the patient's head, with the air behaving as a dielectric. Similarly nearby electrical equipment induces power line noise, introducing interference. To counter this additional digital filtering was performed on the acquired signal off-line.
e) Interface
The anti-saccade task interface software, allows the operator to run either a Calibration or Antisaccade sequence. Interface software was developed (in LabView) to control the data acquisition and to display and store the EOG data. The interface initiates the data acquisition and displays four analogue channels, two EOG channels and two timing signals as well as displaying the RMS voltage against frequency of the EOG signal (Figure 8 ). 
f) System Testing
Testing of the system was carried out using precision commercial electrodes along with the precision amplification system. These 'active' electrodes were interfaced directly to the A/D converter and also to the precision A/D converter system. Figure 9 .1 shows the recorded EOG when acquired using the anti-saccade task data acquisition system and the 'active' electrodes. 
IV. TESTING PROCEDURE
Patients were positioned 50cm from a 14.1" computer screen, used to present visual stimulus.
The electrodes were applied and the calibration was performed. Without changing any of the testing conditions, the full anti-saccade task was performed directly after the calibration task. A note was taken of any movement or unusual behaviour of the patient during the test. A second computer performed data acquisition when initiated by the interface. Testing of patients diagnosed with schizophrenia was performed on out patients from St James's Hospital, Dublin as a part of a larger study on schizophrenia. A control group comprising of two healthy male subjects (mean age: 23) was used for testing the system.
V. PROCESSING
The signal produced by the analogue circuitry can be an altered version of the EOG and in its unprocessed form does not provide sufficient information to adequately gauge the subject's eye movements. Some processing must be performed on the signal to obtain a form suitable for analysis. Firstly the signal is digitally filtered to remove 50Hz and out of band noise. A 9 th order Type II Chebyshev digital filter is used. The cut-off frequency is 34.5Hz with a sampling rate of 256Hz. Figure 10 shows a digitally filtered calibration sequence, which is of forty seconds duration. For the left eye, centre-to-left or right-to-centre eye movements are viewed as discontinuous positive potential shifts followed by an exponential decay. Similarly centre-to-right or left-to-centre eye movement is seen as a negative potential shift followed by an exponential decay to zero (zero being the central potential point). The opposite applies for the right eye. The anti-saccade data has the same fundamental characteristic as the calibration data. Several features complicate the processing of the recorded data. Factors such as movement of the eyelids (blinking, twitching etc), ocular artefacts and contraction of the facial muscles introduce anomalous 'spikes' into the data and must be removed to accurately ascertain eye movement. The aim of the signal processing is to provide a performance metric for each patient undertaking the anti-saccade test. As mentioned earlier an anti-saccade error is defined as a momentary glance towards the stimulus or sustained fixation on the stimulus. This may be followed by a correcting glance to the mirror image location. The timing signals provide information on the location where the patient should be directing their gaze at any given time. A further difficulty is that much of the relative movement of the EOG signal is removed by the offset nulling action of the analogue circuitry. This disadvantage results in a baseline drift that is not fully discernible and can introduce amplitude error. To enable meaningful interpretation of the anti-saccade task data a form of inverse filtering is required. The transfer function of the analogue circuitry was derived and its inverse applied to the digitally filtered data. A signal comparable to the true EOG signal was then reproduced. The parameters of the inverse filtering function were empirically tuned to produce optimum results. This processed signal contained significant baseline wander. To reduce this wander, an additional digital filter was applied to the signal [13] . Figure 11 shows a block diagram of processes used to recover the original EOG signal. Figure 11 . Diagram of signal processing for EOG signal recovery. Figure 12 shows a processed calibration sequence with baseline wander and the timing signal superimposed. It is now a straight forward task to assess the patient's ability to carry out the anti-saccade task. 
VI. RESULTS
Results are given here for five anti-saccade tests using control subjects and five tests using schizophrenic patients. The control subjects achieved a 100% success rate in the calibration task whereas the patients performed a mean of 80% of the calibration task correctly. An important factor in designing the system was portability. It was imperative that it could be transported to hospitals and clinics through out the country for testing. The stimulus and interface software were found to be robust and performed well in all tests. Subtleties with the signal processing of the recorded EOG can be explained by the intermediate filtering operation in the analogue circuitry. The transfer function of the first order RC lowpass filter is an exponential decay of time constant 1s. The purpose of this first filtering operation is to subtract the DC component, however, the DC shift recorded by an eye movement is eroded, as the action of the subtracted LPF is to force the DC level gradually back to zero. Thus, the square characteristics of traditional EOG are distorted somewhat. The original EOG signal can be reconstructed using signal processing methods so that each eye movement can be clearly resolved. In this instance the resolution of the digitized signal can be maximized without danger of saturating the amplifiers. Comparing the reconstructed signal to the timing signal allows accurate calculation of latencies by the subjects in reacting to the visual stimuli. The high resolution and clarity provided means that it is also possible to tell when the subject glanced momentarily towards the stimulus, then corrected and performed the required antisaccade. Both of these features are very valuable in psychiatric research. It is hoped to extend the system in the future to include an automatic pattern classifier for the processed EOG signal and to include a discussion of the patient response latencies
VIII. CONCLUSION
A portable system for presenting visual stimulus to a subject and tracking the eye movement response has been developed. Testing on an initial patient group indicates the potential of this system in an endophenotype study. Further patients and their first-degree relatives are currently being assessed.
IX.
